Key Points for Decision Makers {#FPar1}
==============================

The present economic analysis demonstrated that increased usage of calcium-free balanced crystalloid solution (BAL) in patients with systemic inflammatory response syndrome (SIRS) resulted in substantial cost savings for both the hospital and pharmacy in the US setting.Savings were attributed to the reduction in key clinical complications such as sepsis, pneumonia, respiratory failure, and heart failure, which are significantly associated with crystalloid choice in SIRS patients. This is compelling considering the growing emphasis on healthcare cost containment with a focus on minimizing hospital adverse clinical outcomes.Savings were observed outside of any additional reimbursement received for complications, and far outweighed the incremental fluid costs associated with increased BAL usage. Moreover, savings were evident across multiple scenarios, indicating potential economic benefits to hospitals of various sizes and varying adoption capability.

Background {#Sec1}
==========

Infusion of large volumes of intravenous (IV) fluids, with the goal of increasing intravascular volume and maintaining organ perfusion, is frequently employed in the management of critically ill patients or during surgery \[[@CR1]\]. Patients managed with IV fluids include hypovolemic patients with systemic inflammatory response syndrome (SIRS), a condition frequently encountered in the hospitalized population, and in up to \~20% of patients in the emergency department \[[@CR2], [@CR3]\].

Several fluid types may be used for IV fluid therapy \[[@CR1]\], and fluid selection can vary widely among physicians \[[@CR2]\]. Crystalloid fluids differ considerably from each other with respect to their electrolyte content. For example, the most commonly used crystalloid, 0.9% 'normal' saline, contains supraphysiologic sodium and chloride concentrations (154 mmol/L), while 'balanced' fluids (e.g., Plasma-Lyte^®^ \[Baxter Healthcare, Deerfield, IL, USA\], a calcium-free balanced fluid \[BAL\]) have electrolyte concentrations closer to the physiological range \[[@CR1]\]. There is growing evidence of the important clinical implications of fluid choice \[[@CR4]--[@CR6]\]. Several studies have identified unfavorable clinical outcomes in acutely ill or surgical patients receiving 0.9% saline versus a balanced crystalloid \[[@CR5], [@CR7]--[@CR10]\]. In addition, clinical complications attributed to fluid choice have been associated with greater healthcare resource usage in patients receiving 0.9% saline versus a balanced crystalloid \[[@CR8]--[@CR12]\]. In spite of this evidence, 0.9% saline remains widely used \[[@CR13]\]. Broader usage of balanced crystalloids for IV therapy may in part be limited by higher acquisition costs when compared with 0.9% saline. For example, in the US BAL is priced \~70% higher than saline \[[@CR14]\]. However, a recent study demonstrated reduced Mg^2+^ requirements and a net 24-h cost--benefit associated with resuscitation of trauma patients with a balanced crystalloid versus 0.9% saline \[[@CR15]\].

A recent propensity-matched retrospective analysis of hospitalized patient data from a large US Electronic Health Records (EHR) database identified significantly reduced odds of serious adverse outcomes---such as sepsis, pneumonia, respiratory failure, heart failure, and mortality---in 3116 well matched patients with SIRS receiving IV fluid therapy with primarily BAL versus saline \[[@CR16]\]. This reduction in serious adverse outcomes associated with fluid choice is expected to lead to a decrease in treatment-related costs, though no formal assessment of these savings has been carried out to date. The present analysis was conducted from a US hospital perspective to assess the impact of avoiding these IV fluid-related adverse outcomes in patients with SIRS on hospital cost savings.

Methods {#Sec2}
=======

Perspective and Time Horizon {#Sec3}
----------------------------

An economic model was constructed in Microsoft Excel 2010^®^ to assess the impact of increasing usage of BAL for IV fluid therapy in SIRS patients on the hospital budget (including the pharmacy budget). Monthly and yearly costs, as well as cumulative costs, were computed over a 5-year period.

Patient Population and Interventions Compared {#Sec4}
---------------------------------------------

The target population for the model was the same as that examined in the recent observational EHR database study \[[@CR16]\]. A comprehensive review of PubMed, EMBASE, and the Cochrane CENTRAL databases performed through 2013 \[[@CR5]\] and \>260 additional publications published through October 12, 2016 yielded no additional relevant similar studies examining low- versus high-chloride solutions with similar attributes within SIRS patients. The observational study (\[[@CR16]\]; NCT02083198) utilized the de-identified Health Insurance Portability and Accountability Act of 1996 (HIPAA)-compliant US database *Health Facts* (Cerner Corp., Kansas City, MO, USA), encompassing 486 clinical facilities, and which aggregates administrative data (International Classification of Diseases, Ninth Revision \[ICD-9\]) and clinical/quantitative data (medication and diagnostic test orders and laboratory results). A subset of inpatient data from January 1, 2009, through March 31, 2013, was utilized. The target population comprised adult (age ≥18 years) hospitalized patients who met at least two SIRS criteria and received ≥500 mL of IV fluid within 48 h of first developing SIRS \[[@CR16]\]. For this study, SIRS was defined as the presence of tachycardia (heart rate \>90 bpm) along with at least one of the following on the same day: (1) temperature \>38 °C or \<36 °C, (2) respiratory rate ≥20 breaths/minute or carbon dioxide partial pressure (PaCO~2~) ≤32 mmHg, or (3) leukocytes ≥12,000 or ≤4000 cells/mm^3^. Exclusion criteria included receipt of \>1 L of any IV fluid the day prior to SIRS qualification, receipt of any colloid or hypertonic saline, major cardiac surgeries, or a diagnosis of end-stage renal disease \[[@CR16]\]. Propensity-matched cohorts were obtained from the unmatched cohort meeting inclusion/exclusion criteria, matching on patient and hospital demographics including patient age, gender, race, Elixhauser comorbidities, payer type, census region, bed size, admission source and type, urban versus rural setting, and teaching versus non-teaching hospital type \[[@CR16], [@CR17]\].

The primary outcome of the observational study was mortality (3.27% saline \[0.9%\] vs 1.03% BAL, *p* \< 0.001), and secondary outcomes were length of stay (4.87 days saline vs 4.38 days BAL, *p* = 0.016), readmissions (13.54% saline vs 10.91% BAL at 60 days, *p* = 0.025), and complications defined through both administrative and clinical definitions (incorporating lab/microbiology results and medications) \[[@CR16]\]. Outcomes were adjusted as described below. Findings from the EHR retrospective study revealed significant reductions in serious adverse outcomes in SIRS patients who received IV fluid therapy with BAL versus saline \[[@CR16]\]. For example, the adjusted odds ratio and 95% confidence intervals that were significantly in favor of BAL were mortality 0.378 (CI 0.211--0.676), sepsis 0.568 (CI 0.431--0.75), pneumonia 0.393 (CI 0.259--0.596), respiratory failure 0.692 (CI 0.485--0.986), and heart failure 0.401 (CI 0.246--0.653); while those that were significantly in favor of saline were low magnesium with replacement 0.546 (CI 0.355--0.84) and low potassium with replacement 0.551 (CI 0.429--0.706). SIRS frequency among hospitalized patients, stratified by hospital size (bed number; Table [1](#Tab1){ref-type="table"}), was determined by calculating the mean monthly number of patients meeting SIRS criteria by hospital size in the EHR database and dividing by the average monthly patient volume for a given hospital size, as reported by the US Department of Health and Human Services \[[@CR18]\].Table 1Summary of model inputsHospital bed sizeValue (%)SourceSIRS frequency (% of patients) 0--994.6Shaw et al. 2015 database outcomes analysis \[[@CR16]\] 100--1994.7 200--2993.8 300--4992.7 ≥5001.8Average length of stay per patient4.62 daysShaw et al. 2015 database outcomes analysis \[[@CR16]\]ComplicationBAL^a^Saline^b^SourceComplication frequency (% of SIRS patients; adjusted) Death1.22.9Shaw et al. 2015 database outcomes analysis \[[@CR16]\] 90-day readmission12.716.4 Sepsis6.010.1 Pneumonia2.35.7 Cardiac dysrhythmia7.010.5 Cardiac stress (MI/ACS)2.16.4 Heart failure1.83.6 Acute respiratory failure3.55.3 Mg^2+^ replacement2.44.0 K^+^ replacement8.013.5ComplicationCost (US\$)SourceComplication-associated cost (US\$/episode)^c^ Sepsis12,955.87Elixhauser et al., 2011 \[[@CR20]\], Medicare Inpatient Charge Data, 2014 \[[@CR23]\] Pneumonia2456.67Pfuntner et al., 2013b \[[@CR22]\], Medicare Inpatient Charge Data, 2014 \[[@CR23]\] Cardiac dysrhythmia2808.41Pfuntner et al., 2013a \[[@CR21]\], Medicare Inpatient Charge Data, 2014 \[[@CR23]\] Cardiac stress (MI/ACS)12,430.38Pfuntner et al., 2013b \[[@CR22]\], Medicare Inpatient Charge Data, 2014 \[[@CR23]\] Heart failure3931.84Pfuntner et al., 2013b \[[@CR22]\], Medicare Inpatient Charge Data, 2014 \[[@CR23]\] Acute respiratory failure16,769.62Pfuntner et al., 2013a \[[@CR21]\], Medicare Inpatient Charge Data, 2014 \[[@CR23]\] Mg^2+^ replacement13.56Shaw et al. 2015 database outcomes analysis \[[@CR16]\] K^+^ replacement10.79Shaw et al. 2015 database outcomes analysis \[[@CR16]\]ComplicationLOSMedicationProcedureProfessional serviceDiagnosticSourceAttributable costs (% of total per-episode cost) Sepsis332061724MS-DRG 2010 \[[@CR24]\] Pneumonia321861925MS-DRG 2010 \[[@CR24]\] Cardiac dysrhythmia361352124MS-DRG 2010 \[[@CR24]\] Cardiac stress311163121MS-DRG 2010 \[[@CR24]\] Heart failure371152126MS-DRG 2010 \[[@CR24]\] Acute respiratory failure311662521MS-DRG 2010 \[[@CR24]\]FluidCostSourcePer-liter fluid price (US\$) BAL11.46WAC, Micromedex Red Book, 2015 \[[@CR14]\] Ringer's Lactate3.82WAC, Micromedex Red Book, 2015 \[[@CR14]\] 0.9% saline3.35WAC, Micromedex Red Book, 2015 \[[@CR14]\] 0.45% saline4.46WAC, Micromedex Red Book, 2015 \[[@CR14]\]*ACS* acute coronary syndrome, *BAL* calcium-free balanced crystalloid solution, *LOS* length of stay, *MI* myocardial infarction, *SIRS* systemic inflammatory response syndrome, *US\$* United States dollars, *WAC* wholesale acquisition cost^a^BAL usage reflects use of a combination of crystalloids in the 3 days following the SIRS event, calculated from weighted average volumes (BAL: 54.5%; 0.9% saline: 25.5%; Ringer's Lactate: 17.0%; 0.45% saline: 1.7%)^b^Saline usage reflects use of a combination of crystalloids in the 3 days following the SIRS event, calculated from weighted average volumes (0.9% saline: 76.0%; Ringer's Lactate: 21.0%; 0.45% saline: 2.0%)^b^Per-episode complication costs were based on costs reported in the literature \[[@CR20]--[@CR22]\] offset by additional reimbursement hospitals receive for patients with major complications/co-morbidities \[[@CR23]\]

The two interventions compared consisted of crystalloid therapy with and without BAL as the primary fluid. Both intervention cohorts comprised real-world patient populations who received a wide range of crystalloid therapies with a mix of fluid types and doses used. While all patients in the BAL group received at least 500 mL of BAL in addition to other commonly available crystalloids, patients in the saline group received at least 500 mL of 0.9% saline as their primary fluid along with other crystalloids, but did not receive any BAL. The fluid mix used in the model reflected that found in the observational study \[[@CR16]\]. Patients in the BAL group received fluids in the following percentages, by volume: BAL (55.3%); 0.9% saline (25.8%); Ringer's Lactate (17.2%); and 0.45% saline (1.7%). For saline fluid therapy, patients received fluids in the following percentages, by volume: 0.9% saline (76.3%); Ringer's Lactate (21.3%); 0.45% saline (2.4%).

Model and Analytic Framework {#Sec5}
----------------------------

The impact on hospital savings of increasing usage of BAL in SIRS patients versus current BAL usage was computed yearly and over a 5-year period from the costs of IV fluids and fluid-related complications. For each level of BAL usage, which represents the proportion of SIRS patients receiving at least 500 mL BAL, the incremental frequency of clinical events including sepsis, pneumonia, cardiac dysrhythmias, cardiac stress (i.e., myocardial infarction/acute coronary syndrome (MI/ACS), defined by abnormal troponin), heart failure, acute respiratory failure, and electrolyte replacement was calculated by interpolation of the observational study results \[[@CR16]\] using the following equation:$$\documentclass[12pt]{minimal}
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Model Inputs and Data Sources {#Sec6}
-----------------------------

Model inputs, including SIRS frequency and complication frequencies in patients meeting SIRS criteria (Table [1](#Tab1){ref-type="table"}), were based on clinical outcome rates, adjusted for acute physiology score (APS) from the APACHE II classification system \[[@CR19]\], and patient and hospital variables that differed between cohorts after propensity matching (*p* \< 0.10), as reported in the observational study \[[@CR16]\]. SIRS frequencies stratified by hospital bed size (Table [1](#Tab1){ref-type="table"}) were determined from the average number of SIRS patients per month and total number of patients per month for each hospital bed-size level, derived from the Cerner Health Facts database outcomes analysis \[[@CR16]\]. Average length of stay per patient was also identified from the Cerner Health Facts database \[[@CR16]\].

Only outcome parameters that were significantly different, after outcomes adjustments, were utilized as economic outcomes within the model. Due to less than a quarter of patients' records containing charge data within the database, published US sources for costs were obtained. Sources were identified via web engine searches and the PubMed database. Search terms used in PubMed included complication names (e.g., pneumonia, heart failure) and the MeSH heading 'economics'.

Per-episode complication-associated costs (Table [1](#Tab1){ref-type="table"}) were obtained from Healthcare Utilization Project (HCUP) statistical briefs published by the US Agency for Healthcare Research and Quality (AHRQ) \[[@CR20]--[@CR22]\], which provides the inflation-adjusted mean cost per stay for a principal diagnosis of a given complication. Costs were determined from total hospital charges through application of an HCUP cost-to-charge ratio derived from accounting reports for each individual hospital from Centers for Medicare and Medicaid Services (CMS) \[[@CR19]--[@CR21]\]. In order to more accurately reflect true costs to hospitals for treatment of complications, additional reimbursement hospitals may receive for patients with major complications was deducted from the per-episode complication-associated costs. The reimbursement offset amount was calculated as representative of 7 million discharges or 75% of Medicare Inpatient Prospective Payment System (IPPS) discharges in the 2014 financial year, by using the average difference across Diagnosis-Related Group (DRG) code pairs without versus with major complications/co-morbidities (MCC) and weighted based on number of discharges for a given DRG code pair, as reported in Medicare Inpatient Charge Data \[[@CR23]\].

Attributable costs (respective fractions of per-episode cost attributable to length of stay \[LOS\], medications, procedures performed, professional services, and diagnostic procedures) were obtained from published reports and the MS-DRG Handbook \[[@CR24]\]. The attributable cost fraction, when obtained from the Handbook, was based on the proportional breakdown of average charge per discharge reported in the MedPAR data source released annually by CMS. Based on the appropriate DRG determined for a clinical event of interest from the EHR database, proportional cost for cost channels provided in the Handbook were converted to cost channels identified in the model (MS-DRG Handbook cost channels were included within the model according to the following: General care and Special care (Length-of-stay within the model), Pharmacy (Medication), Operating room and Medical supplies (Procedure), Anesthesiology and other ancillary (Professional services), and Laboratory and Radiology (Diagnostics).

Per-liter fluid costs were defined as the wholesale acquisition cost (WAC) in US dollars (USD), obtained from the Micromedex Red Book (October 2015) \[[@CR14]\]. Electrolyte replacement costs were estimated based on the weighted average hospital cost for all products used in the observational study dataset. Mean 72-hour post-SIRS qualification IV fluid volumes used to manage all SIRS patients were obtained from the database \[[@CR16]\]. All cost inputs were adjusted to 2015 USD using the consumer price index \[[@CR25]\].

Analyses and Outputs {#Sec7}
--------------------

The base case was defined as a 300-bed hospital with 80% occupancy, a 2.7% SIRS frequency in the hospital patient population \[[@CR16]\] (42 SIRS patients requiring IV fluid therapy/month, using 4.62 days average length of stay per patient \[[@CR16]\]), current BAL usage in 5% of SIRS patients, projected year 5 BAL usage in 75% of SIRS patients, and exponential year-over-year BAL adoption (Supplementary Table 1, see electronic supplementary material \[ESM\]). Complication frequencies and costs are reported for current BAL usage and for each subsequent year. Annual savings were computed as the difference between cost for a given year and current cost, and cumulated over the 5-year period. Hospital-level costs include costs attributable to LOS, medications, procedures performed, professional services, diagnostic procedures, and 72-h fluid usage. Pharmacy-level costs include costs attributable to medications and 72-h fluid usage. All figures were created with Microsoft Excel 2010^®^.

Sensitivity and Scenario Analysis {#Sec8}
---------------------------------

One-way and probabilistic sensitivity analyses were carried out to account for uncertainty around estimates for model input parameters, which included the number of SIRS patients requiring IV fluid therapy, per-episode complication costs, per-liter fluid costs, and differences in individual complication frequencies between patients receiving BAL or saline. One-way sensitivity analysis was performed by individually varying model parameters. Per-episode complication costs were independently varied by ±75%. All other parameters were varied by ±20% (Supplementary Table 2, see ESM). In contrast to the one-way sensitivity analysis, the probabilistic sensitivity analysis was performed with Monte Carlo simulation where all inputs were varied simultaneously. One thousand iterations were run and convergence monitoring was carried out to ensure sufficient number of iterations were performed. The Normal distribution with mean and standard deviation as specified in Supplementary Table 3 (see ESM) was assumed for all model parameters. Standard deviation was estimated using published approximations \[[@CR26]\]. Probabilistic sensitivity analysis was performed using \@RISK software (PalisadeCorp., Ithaca, NY, USA).

Scenario analyses were performed to account for the uncertainty around the model structure and included examining the impact of different hospital sizes (100, 300, or 600 beds), different target year 5 BAL usages (25 or 95%), and different year-over-year adoption strategies (exponential or linear) on cumulative 5-year savings (Supplementary Table 1, see ESM).

Results {#Sec9}
=======

Clinical and Economic Outcomes: Base Case {#Sec10}
-----------------------------------------

Increasing BAL usage from 5% to 75% of SIRS patients resulted in a reduction in complication rates, 90-day readmission rates, and electrolyte replacement (Table [2](#Tab2){ref-type="table"}). The decrease in complications due to increased BAL usage led to cost savings compared with current usage as early as year 1 (9% BAL usage). For the base case, cumulative savings versus current usage were estimated to be US\$29,232 by year 1 and US\$1.16 M by year 5 (75% BAL usage). These savings were evident despite increased fluid costs, from a current cost of US\$5312, to US\$9284 by year 5. The largest contributors to savings were LOS, professional services, and diagnostic costs. At the pharmacy level, savings were estimated to be US\$4375 in the first year and total cumulative savings were US\$172,641 over the 5-year period (Table [2](#Tab2){ref-type="table"}).Table 2Clinical and economic outcomes associated with increased BAL usage, base caseYear (% BAL usage)Current (5%)Year 1 (9%)Year 2 (15%)Year 3 (25%)Year 4 (44%)Year 5 (75%)Complications,  % of SIRS patients (*n*/month^a^) Death2.8 (1)2.8 (1)2.6 (1)2.5 (1)2.2 (1)1.6 (1) 90-day readmission16.2 (7)16.1 (7)15.9 (7)15.5 (6)14.8 (6)13.6 (6) Sepsis9.9 (4)9.7 (4)9.5 (4)9.0 (4)8.3 (3)7.0 (3) Pneumonia5.5 (2)5.4 (2)5.2 (2)4.8 (2)4.2 (2)3.1 (1) Cardiac dysrhythmia10.3 (4)10.2 (4)10.0 (4)9.6 (4)9.0 (4)7.9 (3) Cardiac stress (MI/ACS)6.1 (3)6.0 (3)5.7 (2)5.3 (2)4.5 (2)3.1 (1) Heart failure3.5 (1)3.4 (1)3.3 (1)3.1 (1)2.8 (1)2.2 (1) Acute respiratory failure5.3 (2)5.2 (2)5.1 (2)4.9 (2)4.6 (2)4.0 (2) Mg^2+^ replacement3.9 (2)3.9 (2)3.8 (2)3.6 (2)3.3 (1)2.8 (1) K^+^ replacement13.2 (6)13.0 (5)12.6 (5)12.1 (5)11.1 (5)9.3 (4)Economic outcomes (US\$) Attributable cost  LOS568,123558,669542,419514,490466,487383,979  Medication279,718275,139267,275253,778230,639191,039  Procedure105,414103,673100,68095,53786,69671,501  Professional services399,897392,940380,983360,432325,108264,396  Diagnostic402,524395,819384,296364,489330,447271,935  3-day (72 h) fluid cost531255165866646875049284Total---hospital^b^  Total annual cost1,760,9871,731,7551,681,5191,595,1941,446,8801,192,135  Total annual savings029,23279,468165,793314,107568,852  Total cumulative savings29,232108,700274,492588,5991,157,452Total---pharmacy^c^  Total annual cost285,030280,654273,141260,247238,142200,323  Total annual savings0437511,88924,78346,88784,707  Total cumulative savings437516,26441,04887,935172,641*ACS* acute coronary syndrome, *BAL* calcium-free balanced crystalloid solution, *LOS* length of stay, *MI* myocardial infarction, *SIRS* systemic inflammatory response syndrome, *US\$* United States dollars^a^ *n*/month rounded to nearest unit^b^Includes LOS, medication, procedure, professional services, diagnostic, and 3-day fluid costs^c^Includes medication and 3-day fluid costs

Sensitivity and Scenario Analysis {#Sec11}
---------------------------------

Probabilistic sensitivity analysis showed that for 5-year cumulative savings, the 95% CI was between US\$1.15 and US\$1.18 M, with a mean of US\$1.16 M and SD of US\$254,177. The parameters with the largest impact on savings were the costs associated with managing episodes of sepsis and cardiac stress (MI/ACS), as well as the number of patients with SIRS requiring IV fluid therapy (Fig. [1](#Fig1){ref-type="fig"}). This was also in agreement with results from the one-way sensitivity analysis (Supplementary Table 4, see ESM). When the cost of managing an episode of sepsis or cardiac stress was varied, 5-year cumulative savings ranged between US\$0.87 M and US\$1.40 M and US\$0.93 M and US\$1.38 M, respectively (versus US\$1.16 M in the base case). Similarly, cumulative savings ranged between US\$0.98 M and US\$1.35 M when the number of SIRS patients requiring IV fluid therapy per month was varied. With respect to complication frequencies, changes in the frequency of acute respiratory failure, cardiac stress, and sepsis had the greatest impacts on 5-year cumulative savings, whereas changes in cumulative savings associated with increases or decreases in electrolyte replacement costs and per-liter fluid costs were relatively small. None of the variables evaluated in the sensitivity analysis resulted in increased costs over the current usage of BAL.Fig. 1Probabilistic sensitivity analysis of cumulative 5-year savings. This figure presents the results of the user inputs of the probabilistic sensitivity analysis. All parameters were assumed to be Normally distributed and varied simultaneously with means and standard deviations as specified in Supplementary Table 3 (see ESM). *Bars* represent maximum and minimum cumulative savings associated with changes in the model input values. The *midline* represents the mean cumulative savings at US\$1.16M, with 95% CI between US\$1.15 and US\$1.18 M. Inputs are ranked by effect on cumulative 5-year savings. *BAL* calcium-free balanced crystalloid solution, *MI/ACS* myocardial infarction/acute coronary syndrome, *SIRS* systemic inflammatory response syndrome

Keeping all other base-case parameters constant, analysis of mortality showed that BAL usage in an increasing number of patients resulted in decreasing SIRS patient mortality, particularly for years 3--5 (Fig. [2](#Fig2){ref-type="fig"}). For a hospital using BAL in 95% of SIRS patients by year 5, mortality among SIRS patients decreased from 2.8 to 1.3% in year 5. Even with more modest BAL adoption (25% by year 5), mortality was found to decrease to 2.5% (Fig. [2](#Fig2){ref-type="fig"}a). These reductions in mortality rate translated to around eight fewer annual SIRS patient deaths in year 5 for a 300-bed hospital using BAL for 95% of SIRS patients and around two fewer annual SIRS patient deaths in year 5 with 25% BAL adoption (Fig. [2](#Fig2){ref-type="fig"}b).Fig. 2Mortality scenario analyses. Annual SIRS patient mortality rate (**a**) and change in the number of systemic inflammatory response syndrome (*SIRS*) patient deaths (**b**), years 1--5, for different year 5 calcium-free balanced crystalloid solution (*BAL*) usage scenarios. *Dotted line* in **a** represents annual mortality rate assuming no change in BAL usage from baseline, as defined in the base case (5% usage)

In order to assess potential savings across a range of situations, a series of scenarios was tested (Fig. [3](#Fig3){ref-type="fig"}) by varying hospital size (100, 300, and 600 beds), year 5 BAL adoption level (use in 95% and 25% of SIRS patients), and rate of adoption (exponential and linear year-over-year increases in BAL usage). The model estimated that cumulative savings increased with hospital size (i.e., number of patients with SIRS) and year 5 BAL usage level, with savings as high as US\$1.96 M for a 600-bed hospital with 95% year 5 BAL usage and exponential adoption (Fig. [3](#Fig3){ref-type="fig"}a). For the smallest hospital size examined (100 beds) and more modest (25%) projected year 5 BAL usage, cumulative savings were estimated to be US\$221,530. Finally, rapid/early (linear year-over-year) adoption was associated with greater cumulative savings than exponential year-over-year increases. For a 300-bed hospital with a target year 5 BAL usage in 95% of SIRS patients, cumulative 5-year savings reached US\$2.19 M with rapid/early adoption versus US\$1.44 M with exponential adoption over 5 years. As in the base case, savings in the scenario analyses were driven by reductions in complications. Annual reductions in complication rates were greater with increasing hospital size and BAL adoption (Fig. [3](#Fig3){ref-type="fig"}b).Fig. 3Cumulative savings and complications scenario analyses. **a** Cumulative cost difference (years 1--5) for different hospital size and calcium-free balanced crystalloid solution (*BAL*) adoption scenarios. Greatest cumulative savings (i.e., largest cumulative cost differences) are associated with larger hospital size, greater year 5 BAL usage, and rapid/early (linear) adoption. **b** Annual change in overall complication number for different hospital size and BAL adoption scenarios. Largest reductions in complications are associated with larger hospital size and greater BAL usage

Discussion {#Sec12}
==========

Growing emphasis on cost containment in healthcare means that hospitals must develop strategies to minimize adverse clinical outcomes while increasing cost efficiency. The present analysis from a hospital perspective demonstrates that using BAL in an increasing percentage of SIRS patients could result in substantial cost savings for the hospital and pharmacy. These savings are expected to result from lower numbers of key clinical complications that are significantly associated with crystalloid choice in patients with SIRS \[[@CR16]\]. The model demonstrates that savings can be realized as soon as year 1, despite increased fluid costs. Savings were evident across the scenarios that were tested, suggesting potential economic benefits to hospitals of various sizes and with different adoption capabilities.

In addition to the hospital and its associated pharmacy, the reduced complication rates seen with increased BAL utilization among SIRS patients could indirectly impact other healthcare providers, including outpatient care and rehabilitation services that could potentially treat patients recovering from SIRS-associated complications.

This analysis has some limitations, one of which is the use of clinical efficacy results from a single observational study \[[@CR16]\] as central model inputs, due to lack of other relevant studies after a comprehensive literature search (\[[@CR5]\] and above). This observational study examined data from a large US EHR database containing patient data from hospitals nationwide. Thus, the clinical inputs represent real-world outcomes across hospitals of various sizes and specialties serving diverse patient populations. Furthermore, the use of a single set of inclusion criteria and propensity-matched cohorts in that study provides the advantage of a well defined and relatively uniform patient population. In addition, this observational study \[[@CR16]\] is one of many recent studies that support and expand the growing evidence regarding the potential risks associated with 0.9% saline. Several prospective and retrospective studies have identified lower adverse outcome rates \[[@CR7]--[@CR10]\] and healthcare resource usage, including reduced fluid, blood transfusion, and mechanical ventilation requirements \[[@CR8]--[@CR12]\] in patients receiving balanced crystalloids versus 0.9% saline. We therefore expect that the savings estimated in the current analysis would likely be observed with a different set of data derived from similar observational studies or meta-analyses.

Comparison of the two arms of the EHR retrospective study \[[@CR16]\] may also present limitations with possible differences in active physician management of patients in each cohort representing a source of bias. However, to reduce chance of bias, extensive propensity matching was carried out using multiple hospital characteristics, patient demographics, and surgical procedures.

In addition to the clinical inputs, the cost components also represent limitations to this analysis. Complication cost inputs were obtained from the medical literature reporting studies using large national databases, and thus are likely to provide reliable estimates; however, these costs can change over time, which could have an impact on savings. Due to the lack of appropriate sources for costs associated with treating multiple complications in hospitalized patients (which may vary based on each patient's unique condition), and a SIRS population specifically, complication cost data was modeled with the underlying assumption that for a single patient the costs would be additive. However, the one-way sensitivity analysis took into account minimum costs that would be in line with low complication treatment costs. It is also worth noting that this assumption was applied to both cohorts, impacting both to a similar extent, and hence may have a minimal impact on the cost-savings output.

Another limitation is that hospital readmissions were measured and reported solely as clinical outcomes in this study, and are not included in the economic and sensitivity analysis. However, it is worth noting that readmissions could have an economic impact, particularly when a hospital reimbursement penalty results under the CMS Hospital Readmission Reduction Program (relevant to patients with acute myocardial infarction, heart failure, pneumonia, chronic obstructive pulmonary disease, elective total hip arthroplasty, and total knee arthroplasty) \[[@CR27]\].

Different scenarios representing a range of plausible institutional considerations were performed. However, the results of this analysis may not be generalizable to institutions in other countries. While the clinical evidence from the database analysis is likely to be transferable to analyses for hospitals in other countries, it should be noted that specific clinical practices for the management of complications, and therefore costs, may differ from those used in the model, and thus costs would need to be customized to other countries. In addition, the outcomes analysis used to develop the model investigated a heterogeneous, matched patient population; however, the relative impact of BAL adoption in different at-risk patient groups, such as the elderly, requires further evaluation. Finally, it is important to note that this analysis examined a population of patients meeting SIRS criteria, and that the cost impact of increased BAL usage for non-SIRS patients remains to be evaluated.

Crystalloid choice represents a readily modifiable component of clinical practice. Given that (1) IV fluid therapy is a frequently employed practice and (2) 0.9% saline continues to be widely used, many hospitals and pharmacy departments may benefit from a shift to greater use of balanced crystalloids for patients meeting SIRS criteria. While the use of alternatives to 0.9% saline may currently be limited due to concerns regarding fluid costs, the present study clearly demonstrates the potential for hospital- and pharmacy-level cost savings associated with reducing the incidence of key clinical complications in SIRS patients. As expected, the model estimates increased fluid costs with greater BAL usage (base case defined a BAL cost threefold greater than 0.9% saline cost); however, these costs are greatly outweighed by the savings associated with reduced complication rates and medication usage to treat these complications.

Conclusion {#Sec13}
==========

The present economic analysis, based on the results of real-world clinical outcomes analysis and using published US cost data, suggests that usage of a calcium-free balanced crystalloid for IV fluid therapy in an increasing number of patients with SIRS could generate sizeable savings. Base-case scenario analysis (300-bed hospital, 80% occupancy, current and year 5 BAL usage in 5 and 75% of SIRS patients, respectively, exponential year-over-year adoption) showed cumulative 5-year savings of US\$1.16 M for hospitals, with US\$172,641 in cumulative savings specifically for pharmacy departments.
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